Steel plate and concrete composite strengthening (SPCCS) method is developed on the basis of steel and concrete composite girder, the process of which mainly includes welding studs on the reinforcing steel plates, planting rebars in the original concrete, and casting concrete between the original structure and steel plates, thus the new and existing concrete can work together. It can improve both the bearing capacity and stiffness of bridge significantly. In order to investigate the shear resistance of concrete girder reinforced by SPCCS method, two full-scale damaged box girder released from an actual bridge are tested for contrast, one without reinforcement and the other is reinforced by SPCCS method. The shear mechanical behavior and failure mode before and after reinforcement are obtained and analyzed. Furthermore, the shear mechanism and calculation formula of shear capacity for box girder reinforced by SPCCS method are presented. The comparisons show that the calculation results are in good agreement with the test results.
INTRODUCTION
Concrete bridges are widely used for their good bearing capacity and low cost. However, disease of different degrees is inclined to appear on concrete bridges under the action of environment and repeated loads. For instance, various forms of cracks are likely to appear on prefabricated concrete box girder, including longitudinal crack, transverse crack, diagonal crack and u-shaped crack, because of its own section form and tensile strength of material. All of the cracks and other damages will affect the service life and safety of bridges. Therefore, it is critical to reinforce the damaged bridges, restore the use function and prolong the service life (Kasan et al. 2014; Ludovico et al. 2010) .
Traditional reinforcement methods are often accompanied by inevitable defects. For example, section enlargement method has higher requirements for clearance, and the cracks on bottom flange are unavoidable. CFRP strengthening method has limitation in improving the bearing capacity and stiffness of the structure, and so on. Therefore, better reinforcement methods are needed to be explored to meet the different needs of reinforcement. Steel plate and concrete composite strengthening (SPCCS) method is developed on the basis of steel and concrete composite girder, which can increase the bearing capacity and stiffness of bridge through encasing steel plates on the reinforcing concrete, and it makes the reinforcing portion integrally worked together with the original concrete structures by welding studs on reinforcing steel plates, planting rebars in existing concrete, and casting new concrete between the existing structure and steel plates. The reinforcement method has both advantages of section enlargement method and sticking steel plate method. Moreover, compared with section enlargement method, the deadweight of reinforced girder has less increase and the strength of steel plate is effectively used. Compared with sticking steel plate method, the connections in SPCCS method are more reliable, and the reinforced portion can be fully used to improve the bearing capacity largely.
SPCCS method was put forward by Prof. Nie in China, who conducted research on flexural behavior of rectangular beam reinforced by SPCCS method, and applied this method to practical engineering (Nie et al. 2001; Nie et al. 2007; Nie and Zhao 2008) . The research team of Prof. Wang also conducted experiments and theoretical analysis on flexural and shear performance of concrete beam reinforced by SPCCS method Wang and Yuan et al. 2010; Wang 2011 and Ren 2009) . From the researches, it showed that the SPCCS method could significantly increase the flexural and shear bearing capacity of test beams. In this paper, full-scale experiments are carried out on concrete box girders with and without reinforcement by SPCCS method, and the girders are demolished from a real bridge after ten-year service. The shear mechanical performance and ultimate shear bearing capacity of the girders are analyzed before and after reinforcement, and theoretical formula on shear bearing capacity of box girder reinforced by SPCCS method is presented.
EXPERIMENTS OVERVIEW

Test girder and reinforcement design
The two test girders are of 20m span prestressed concrete box girder released from a freeway viaduct in Yinchuan, China. Field test results showed that there were different degrees of disease on the components of the PC box girder, for example, the longitudinal and lateral cracks appeared in the bottom flange of box girder, vertical, diagonal and vertical cracks were appeared on the web. Shear capacity tests are carried out on test girders, one without reinforcement, and the other is reinforced by SPCCS method.
In the SPCCS reinforcement, in order to prevent the local damage caused by large counteracting force, the supporting parts of the girder are also reinforced by SPCCS method. Considering both the needs of shear reinforcement and economy, the height of concrete and steel is taller at the range of 500cm away from the supports and reduced in mid-span within 733.4cm. The thickness of reinforced concrete is 8cm, and C40 selfcompacting concrete is adopted, the grade of which is the same with the original beam concrete. The thickness of reinforcing steel plate is 6 mm, the steel grade is Q235. At the same time, the top flange is also reinforced by a layer of 8cm thick reinforced concrete. Figure 1 shows the test girder before and after reinforcement by SPCCS method, and Figure 2 shows the cross section of the test girder before and after reinforcement. 
Loading device
The shear test girders are loaded by one-point loading method, and the distance between loading point to support point is 3m, as shown in Figure 3 . Each beam is loaded twice. In the first loading, the calculation span is 19.2m, and then the test girder is turned 180 degrees to the other end, so the second loading is acted on the other end to avoid the damaged part resulted from the first loading, and the calculation span is 14.5m, as shown in Figure 4 . The serial numbers of test girders are shown in Table 1 . 
Arrangement of measuring points
The strain of concrete and steel is tested by strain gauges, and the test contents including the concrete strain of top flange, web and bottom flange, the strain of stirrup and the strain of reinforcing steel plate. The measuring point arrangements of web strain and stirrup strain of SPCCS-S-1 are showed in Figure 5 and Figure 6 respectively. For test girder N-S-1, when the load is 600kN, the web in shear span has new diagonal cracks, the crack angle is about 50°, and the maximum crack width is about 0.15mm. Then the number of diagonal cracks and crack width increases with the load. When the load is 800kN, the web under loading point also appears diagonal cracks. The maximum crack width is 0.25mm when the load is 900kN, 0.4mm for 1200kN, and 0.5mm for 1400kN. When the load is 1500kN, the diagonal cracks extend to the haunch, and the maximum crack width is about 0.9mm. The load stops increasing when it reaches to 1815kN, and the test girder starts automatic unloading. When the load reduces to 1742kN, the top flange is crushed, and the load reduces to 533kN suddenly, it shows that the test girder is damaged.
For test girder N-S-2, when the load is 870kN, new diagonal cracks appear in shear span, and the maximum crack width is 0.2mm. When the load is 1000kN, the crack width increases to 0.33mm, and the diagonal cracks has extended to the haunch. When the load is 1240kN, the crack width is 0.5mm. When the load increases to 1400kN, 1600kN and 1800kN, the crack width is 0.7mm, 0.8mm and 1mm respectively. The load stops increasing when it reaches to 2000kN, and the test girder automatically unloads to 1921kN. When the load increases to 1965kN again, the top flange is crushed, and the load automatically drops to 764kN, and the test girder is damaged. Failure modes of the two test girders are shown in Figure 7 .
(a) Web cracks of N-S-1 (b) Web cracks of N-S-2 Figure 7 Failure modes of test girders without reinforcement
(2) Test girders with SPCCS reinforcement
Test girder SPCCS-S-1 has no obvious change when the load is less than 1800kN, and stripping crack between reinforcing steel and concrete appears after 1800kN. When the load is 2100kN, cracks extend from the reinforcement concrete of the web. When the load increases to 3260kN, steel plate below the loading point strips from the concrete. The maximum load reaches to 3273kN, then local buckling occurs on the steel plate below the loading point, and the main diagonal crack appears from top flange to the haunch, the deflection of girder increases significantly, the test girder is damaged.
For test girder SPCCS-S-2, cracks extend to the haunch when the load is 2000kN, but the width of crack is smaller, about 0.05mm. When the load is 3100kN, the reinforced concrete starts to strip off from the original girder, and steel plate and reinforced concrete are stripped obviously in shear span zone, steel plate under loading point appears local buckling. When the load is 3270kN, the concrete of top flange starts to fall off, then the steel plate and reinforced concrete strips continuously, accompanied with the sound of concrete crush. When the load is 3290kN, the test girder automatically unloads, and the maximum carrying capacity is reached. After that, the steel plate below loading point strips off from reinforced concrete completely and the maximum crack width in the haunch is 0.2mm. Steel plate appears several local buckling. Failure modes of the two girders are shown in Figure 8 . 
DISCUSSION OF RESULTS
Test girders without reinforcement
Shear strain of web concrete Figure 9 shows the load-shear strain curves of web concrete in different cross-sections of test girders without reinforcement. For test girder N-S-1, the distances from measuring points to support are 0.5h, 1.0h, 1.5h and 2.5h separately (h means depth of girder). For test girder N-S-2, the distances from measuring points to support are 0.5h, 1.0h, 1.5h and 2h separately. As shown in Figure 9 , measuring points at sections of 0.5h and 1.0h in N-S-1 cannot carry more load when the load reaches to 800kN due to the cracks, so that shear force is carried by stirrups and concrete without crack. Other measuring points can carry shear force sustainably until the limit load is close when cracks appear. Shear stress in section of 1.0h is significantly greater than that in other sections.
(a) Test girder N-S-1 (b) Test girder N-S-2 Figure 9 Load-shear strain curves of web concrete in different cross-sections Figure 10 shows the load-strain curves of web stirrup, measuring points WI1~WI5 are located within shear span of 3m, of which the distance to support increases gradually. It can be seen from Figure 10 , when the load is less than 800kN, stirrup strain is very small for there almost has no new cracks. After the appearance of diagonal cracks, shear force redistributes which resulted in sharply increase of stirrup strain, and stirrup turned into elastic-plastic stage quickly. When the limit load is reached, most of the stirrups have entered into yield status. Figure 11 draws the load-shear strain curves of web and top flange at different vertical positions in the section whose distance to supports is 1.0h. Figure 11 illustrates the reinforcement layer and haunch of box girder provide small shear capacity, and the web carry the most shear force, so SPCCS method can make full use of steel strength by setting steel plate at the outside of the reinforced concrete of web, and increase the shear carrying capacity of reinforced girders. Figure 12 shows the load-strain curves of web stirrup. The distances from measuring points to support are 0.4h, 0.8h and 1.2h separately. As shown in Figure 12 , when the load is less than 1500kN, stirrup strain is small because there is no new crack. After the load is larger than 1500kN, with the cracks increasing, stirrups carry more and more shear force, stirrup strain increases gradually, so that the slope of the curve grows faster and stirrup turns into elastic-plastic stage gradually. When the limit load is reached, load remains steady while strain continues to grow, and stirrups yield eventually. Figure 13 shows the load-strain curves of planting rebars in web, and the measuring points are set at the end of girder web on the loading side. As shown in Figure 13 , in the early stage of loading, the stress of the planting rebars is smaller. At this time, shear stress and normal tensile stress of the interface between new and existing concrete is mainly carried by the bonding strength of the interface. Then the strain of the planting rebars grows rapidly with the increase of load, which showed that planting rebars have good force transfer effect, so that the strengthening part and the original girder can carry load together, thus the shear capacity of the original girder is improved. Part of the planting rebars yield when the limit load is reached. (a) Test girder SPCCS-S-1 (b)Test girder SPCCS-S-2 Figure 13 Load-strain curves of planting rebars in web Figure 14 shows the relative slip between new and existing concrete of SPCCS-S-2, and measuring points are set at the end of girder on the loading side. As can be seen from Figure 14 , there is almost no relative slip between new and existing concrete before limit load. When limit load is reached, slide grows rapidly and the relative slip up to 6.2mm. Therefore, in the process of loading, the reinforced concrete and the original concrete work together and can bear the load as a whole, and the strengthening effect is good. The regularity in SPCCS-S-1 is similar to that in test beam SPCCS-S-2. Figure 14 Load-relative slip curves between new and existing concrete Figure 15 illustrates the load-relative slip curves between new concrete and reinforcing steel plate of SPCCS-S-1, and measuring points are set at the end of girder on the loading side. From Figure 15 we can see that there is basically no relative slip on the interface until limit load is reached. When the load is close to the limit load, the slide has a great increase and the maximum relative slip up to 0.12mm. It is indicated that the reinforced concrete and the steel plate can work as a whole in the process of loading, and the strengthening effect is good. The regularity in SPCCS-S-2 is similar to that in test beam SPCCS-S-1. Figure 15 Load-relative slip curves between concrete and steel plate
Strain of web stirrup
Strain of planting rebars in web
Comparison of shear carrying capacity
Shear carrying capacity of test girders without reinforcement and reinforced by SPCCS method are shown in Table 2 . From Table 2 , it can be seen that shear carrying capacity of test girders is increased by 67.0% and 77.0% respectively after reinforced by SPCCS method. Obviously, SPCCS method can effectively improve the shear capacity of box girders, and the shear reinforcement effect is great. Moreover, yield shear force of stirrups after reinforcement is greater than that before reinforcement, it is indicated that because of the effect of reinforcing part, the yield time is delayed and the shear capacity of the test girder is improved.
THEORETICAL ANAYLYSIS OF SHEAR CAPACITY
Shear mechanism of steel plate and concrete composite strengthening method
Test results showed that as for box girder reinforced by SPCCS method, before the diagonal cracks appear, the strain of both reinforcing steel plates and stirrups is small. After the diagonal cracks appear, the internal force of girder redistributes, and the strain of both reinforcing steel plates and stirrups increases rapidly. The reinforced part plays a significant role in improving the shear capacity of box girder. Generally, the load transformation system of a girder with diagonal cracks can be compared as a group of tied-arch structure, as shown in Figure 16 . It is composed of basic arched-body I upon the critical diagonal cracks and a group of small arched-body II and III below the critical diagonal cracks. SPCCS method improves the shear capacity of girder in the following aspects:
(1) Reinforcing steel plates of web hold on to the small arch system, then the small arch system can carry more shear force. Therefore, the pressure on the basic arched-body I decreases and the propagation of diagonal crack is constrained; at the same time, the strength of reinforcing steel plates is higher than that of concrete, which can carry larger shear force.
(2) Reinforcing steel plates and longitudinal rebars of bottom flange transmit the principle compressive stress of the small arched-body II and III to the support by dowel action; at the same time, steel plate of bottom flange distributes the normal stress of longitudinal rebars, and improves the dowel action of longitudinal rebars.
(3) The reinforcing concrete can increase the shear area of web concrete, and lower the neutral axis of box girder, thus improving the shear capacity of box girder. Figure 16 Mechanical model of box girder after diagonal cracks appear
Shear capacity calculation of box girder reinforced by SPCCS method
Shear capacity calculation of box girder reinforced by SPCCS method should take following factors into consideration: cracks on the original structure has effect on shear capacity of the box girder after reinforcement; lateral steel plates have contribution to shear capacity after reinforcement, and the area of steel plates should be transformed into concrete area; shear connection degree between new and existing concrete and that between reinforcing steel plates and new concrete has effect on shear capacity after reinforcement.
On the basis of experimental research, considering the effect of connection degree of shear connectors, Chunsheng Wang and Tengxian Ren put forward the shear capacity calculation formula of reinforced concrete T beam reinforced by SPCCS method (Ren 2009; CCCC Highway Consultants Co. Ltd 2004; Nie and Zhao 2010) . Considered the contribution of bent-up rebars and prestressed reinforcement to shear capacity, the formula is revised in this paper, as shown in Equation (1). The shear capacity of test girders reinforced by SPCCS method is calculated according to Equation (1), and then the calculated value is compared with the test value, as shown in Table 3 . Table 3 indicated that the difference between test value and calculated value is below 10%, thus the formula proposed by this paper can well reflect shear capacity of box girder reinforced by SPCCS method, as well as can provide reference for calculation in engineering.
CONCLUSIONS
Though experimental and theoretical researches on shear capacity of damaged full-scale concrete box girder before and after reinforced by SPCCS method, following conclusions can be obtained.
(1) SPCCS method can improve the whole working performance of existing structure and new reinforcement part by the shear force transforming through planting rebars and studs. Test results showed that the reinforcement part can carry the loads with the existing girder together, and the shear capacity of PC box girder is improved effectively.
(2) The failure mode of PC box girder reinforced by SPCCS method is that diagonal cracks propagate rapidly, which are caused by stripping between new and existing concrete or new concrete and steel plate, then the stirrups yield and the girder fails eventually. Therefore, it is important to choose the diameter, spacing, and number of planting rebars and studs reasonably.
(3) The shear capacity of PC box girder after reinforced by SPCCS method is improved 67% at least, and this reinforcement method can constrain the development and propagation of cracks effectively as well as delay the yield of stirrups.
(4) The shear mechanism and calculation formula on shear capacity of PC box girder reinforced by SPCCS method are proposed, and the calculated results and experimental results coincide well.
